Recent work with lipid mutants of Escherichia coli and Salmonella typhimurium has helped to elucidate the correct structure of lipid A and has suggested a biosynthetic pathway. Precursor molecules include diacylglucosamine 1-phosphates and tetraacyl disaccharide bis-phosphates. The activities of several of these compounds and of their derivatives were measured by Limulus amebocyte lysate (LAL) assay. We report that (i) both mono-and disaccharide precursors of lipid A activate LAL, (ii) two acyl chains on the monosaccharide subunit of lipid A are necessary for activation of LAL, and (iii) the monosaccharide, 2-monoacylglucosamine 1-phosphate can competitively inhibit LAL activation by diacyl monosaccharide lipid A precursors. However, 2-monoacylglucosamine 1-phosphate did not inhibit endotoxin activation of LAL. One unanticipated finding was that the activities of the monosaccharides were reduced upon storage even though their covalent structures were unchanged. Perhaps this is due to alterations in physical state. Thus, these lipid A precursors and derivatives offer some insight into the structural features required for activation of the LAL assay and may in the future provide derivatives which are competitive inhibitors of endotoxin.
Escherichia coli and Salmonella typhimurium mutants with altered lipid metabolism have offered unanticipated insights into the structure and biosynthesis of the lipid A portion of gram-negative endotoxin (2, 8-10, 12, 13, 20, 21) . E. coli strains altered in the pgsB gene (10, 12) were found to accumulate two novel glucosamine-derived phospholipids, designated X and Y (8) (9) (10) 21) , that are defined monosaccharide precursors of lipid A. Although the connection between phosphatidylglycerol metabolism and lipid A assembly remains unclear, the discovery of lipid X (a 2,3-diacylglucosamine 1-phosphate) has provided a significant clue to the previously unknown biosynthesis of lipid A (2, 15) . The structures are summarized in Fig. 1 , and the role of these lipids in the biosynthesis of lipid A is reviewed in reference 13. The biosynthesis of lipid A from lipid X is supported by the findings that lipid X is present in wild-type E. coli at 2 x 103 molecules per cell (2) , that lipid X can serve as a substrate for disaccharide formation (15) in vitro, and that a tetraacyl disaccharide bis-phosphate with the structure shown in the right half of Fig. 1 accumulates in temperature-sensitive 2-keto-3-deoxyoctulosonic acid biosynthesis mutants of S. typhimurium (16, 17) .
A number of recent studies have reported on the activity of lipid A substructures and derivatives in the Limulus amebocyte lysate (LAL) (5) (6) (7) 23) . Also, these lipid A precursors and derivatives demonstrate mitogenicity (4, 14, 23) , pyrogenicity (4, 7, 22) , complement activation (4, 7), tolerance induction (4), Shwartzman phenomenon induction (4, 7, 22) , tumor necrosis activity (22) , macrophage activation (4, 7, 24) , and pulmonary hypertension and permeability changes (K. E. Burhop, Ph.D. thesis, University of Wisconsin, Madison, Wis., 1984). In this paper, we describe several of the reaction conditions which determine the activities of these lipids in the LAL assay, report on the LAL activities of several new lipid A substructures, and report on a * Corresponding author. monoacyl derivative prepared by mild alkaline hydrolysis of lipid X that inhibits lipid X-induced LAL gelation.
MATERIALS AND METHODS
Lipid isolation. Lipids X and Y (Fig. 1) were isolated from strain MN7 of E. coli by using a chloroform-methanol-water extraction, followed by DEAE-cellulose and silicic acid column chromatography as previously described (20, 21) . The N-monoacyl derivative of lipid X (designated MAGP in Fig. 1 ) was prepared by mild alkaline hydrolysis (10, 21) . Dephosphorylated lipid X (dephospho X) was generated by acid hydrolysis (0.1 M HCI at 100°C for 60 min) as previously described (21) . Lipid Y* (Fig. 1) was obtained from lipid Y by triethylamine treatment (20) . Disaccharide precursors of lipid A were isolated from a 3-keto-2-deoxy-D-mannooctulosonate-8-phosphate synthetase mutant of S. typhimurium, kindly provided by M. J. Osborn (16, 17) . The structures of these disaccharide metabolites, designated IIA, IIIA, IIIB, IVA, and IVB, are shown in Fig. 1 The data supporting the biosynthetic pathway from the monosaccharide, lipid X, to the more complex disaccharides are reviewed elsewhere (13) . The fatty acids in these molecules are P-hydroxymyristate (a) and palmitate, the 16-carbon fatty acid which is shown in the side chain of (e). MAGP and lipid Y* are monoacyl derivatives of their diacyl monosaccharide parent compounds, lipid X and lipid Y, respectively. The fatty acids in diamino lipid X are both amide linked, in contrast to lipid X, in which one fatty acid is amide linked and the other is ester linked. The Roman numerals designate a series of disaccharides wherein the numerical value indicates the net negative charge at physiological pH. Disaccharides of the A series contain two acyl groups on each glucosamine (e.g., IIIA), and disaccharides of the B series contain just one acyl group per glucosamine (e.g., IIIB).
were supplemented with metals (Sigma). Gelation was graded as follows: 0, no gelation; 1+, turbidity; 2+, soft gel; 3+, solid gel. The positive control contained E. coli 055:B5 endotoxin, which was prepared by the Westphal method (Difco Laboratories, Detroit, Mich.), is toxic, and has been previously characterized (3). This endotoxin gave 3+ gelation in 10 to 20 min at 0.1 ng/ml. Negative controls were either endotoxin-free water or water plus metals, salts, buffers, and other reagents used in the reaction mixtures. RESULTS Characterization of lipid X gelation. Lipid X, when dispersed in water or saline (pH 7.0) containing 1 mM EDTA and added to the LAL reaction mixture within 4 h of dispersion (1 ng or more per reaction), caused solid gelation of the LAL within 1 h ( Table 1 ). The gelation reaction proceeded most rapidly at a pH range of 7.0 to 8.0 and in the presence of 0.85% NaCl (Table 1 ). In the course of our studies, we found that storing the lipid X at low concentrations (<1 ,ug/ml) in water led to loss of activity (Table 2) . Vigorous, prolonged vortexing did not return activity to the sample (18) . Storage of a concentrated stock solution of lipid X (1 mg/ml) in 1 mM EDTA also led to a serious loss of activity (Table 2) , since 10 ng of freshly suspended lipid X caused solid gelation within 10 min (Table 2) , whereas 60 min was required for 10 ng of the stored lipid to effect solid gelation. This loss of activity was not due to a change in the chemical structure of lipid X, because the stored material migrated the same distance in thin-layer chromatography (21) and the reextracted material again became active. For the latter, the lipid X was reextracted by partitioning 1 ml of a stored lipid X solution (1 mg/ml) with 0.8 ml of water, 2 ml of methanol, 2 ml of chloroform, and 25 ,ul of 11 N HCl. After vortexing and then centrifuging, the upper layer was removed. The lower layer was dried under nitrogen, and We wondered whether metals leached from the glass might be playing a role in the loss of lipid X activity. The effects of various metals on the LAL gelation reaction are shown in Table 3 . Calcium strongly enhanced and sodium silicate mildly enhanced gelation. Calcium and sodium silicate failed to give a positive LAL when used alone at 0.5 or 5 mM concentrations. Iron, lead, aluminum, and chromium inhibited lipid X-induced LAL gelation. The lipid X control showed somewhat slower gelation during this set of tests as compared with the data in Table 1 , but the batch of LAL used for these tests was also less active as evidenced by the reaction of positive endotoxin control at 1 ng/ml but not at 0.1 ng/ml as was usually the case.
Activity of various lipids structurally related to lipid X. Lipid Y, another monosaccharide metabolite found in the E. coli MN7 mutant, at 100 ng/ml caused solid gelation of the LAL by 20 min ( (Tables 2 and  4 ). The biological activities of aqueous dispersions of lipids IVA, IIIA, and IIA were much more stable upon storage than that of the monosaccharide, lipid X ( Table 2) . Storage of lipid X in the presence of EDTA helped retention of LAL activity (Table 2) .
Inhibition studies. MAGP proved to be an effective inhibitor of lipid X-induced gelation of LAL (Table 4) . MAGP alone caused some clouding of the LAL, but gels never formed. MAGP effectively blocked lipid X-induced gelation at a molar ratio of 1:0.7 (MAGP:lipid X) when MAGP was added before or at the same time as lipid X. MAGP did not inhibit LAL gelation when it was added as little as 2 min after lipid X was added nor did MAGP inhibit endotoxininduced gelation of LAL.
DISCUSSION
The finding that lipid X and other low-molecular-weight precursors of lipid A activate the coagulase of LAL sheds some light on the structural requirements for LAL activation. These studies show that a phosphoglucosamine with two fatty acids causes LAL gelation (lipid X active, MAGP inactive), that the two fatty acids may be ester linked at the 3 position and amide linked at the 2 position (lipid X) or they may be amide linked at the 2 position with another fatty acid ester linked to this amide-linked fatty acid (lipid Y*), and that the two fatty acids may be either both hydroxymyristic acids or one hydroxymyristic acid and one palmitic acid. Substitution of an amide for an ester linkage at the 3 position (diamino lipid X) reduced the activity as compared with that of lipid X. Although the phosphate groups may be necessary for activity (dephospho X inactive), an equally likely possibility is that the phosphate allowed solubilization in an aqueous medium which allowed interaction with LAL. Others have tested some of these same compounds in LAL assay, and our findings are in agreement with their findings on lipid X, dephospho X, MACP, and IVA activities (7, 22 The finding that storage of lipid X led to decreased activity despite its apparent retention of structural integrity suggests that the physical state of the material might be an important factor in the activation of the LAL coagulase. Formation of micelles or stacking of many lipid X molecules into sheets might be the active form. In contrast, the development of such forms might be inaccessible to the components promoting gelation of the LAL. At this point, the only clues we have as to physical state requirements for activity are that divalent cations seem to speed the development of the inactive form(s) and that the disaccharide form of the lipids are more stable. Work is in progress to define the physical state requirements. Not only were the disaccharides more stable with storage in water, but they also caused maximal gelation either more rapidly or at lower concentrations than the monosaccharides. This was true even when lipid X was freshly prepared ( Table 2) .
The inhibitory effect of MAGP on lipid X activation of LAL offers intriguing possibilities for the development of agents which might block the action of endotoxin. Although MAGP failed to inhibit native endotoxin, other derivates, particularly deacylated disaccharides, might succeed. Understanding the complete structure of lipid A will facilitate the development of inhibitors. The LAL test can serve as a rapid tool for assaying a large number of these compounds, but determination of the ultimate values and toxicities of these subunits of lipid A will require testing in animals and then clinical trials because LAL reactivity and toxicity do not always coincide (23) .
